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A |aboratory-scd e packed-bed reactor system is used to screen sorbents for their capability to remove
elemental mercury from various carrier gases. When the carrier gas is argon, an on-line atomic
fluorescence spectrophotometer (AFS), used in a continuous mode, monitors the elemental mercury
concentration in theinlet and outlet Sreams of the packed-bed reactor. The mercury concentration in the
reactor inlet gas and the reactor temperature are held constant during atest. For more complex carrier
gases, cgpacity isdetermined of f-line by analyzing the spent sorbent with either a cold vapor atomic
absorption spectrophotometer (CVAAS) or an inductively coupled argon plasma atomic emission
spectrophotometer (ICP-AES). The cagpacities and breakthrough times of several commercially available
activated carbons, aswdl asnovd sorbents, were determined as afunction of various parameters. The
mechanisms of mercury remova by the sorbents are suggested by combining the results of the packed-bed

testing with various analytical results.



I ntroduction

Over 32% of anthropogenic mercury emissionsin the United States are from cod-buming utilities.
This percentage will increase over the next few years duetothe mandated control of mercury emissions
from municipa solid waste and medicd wasteincinerators. A low concentration of mercury, on the order
of 1 ppbv, exigsin fluegaswhen cod isburned. The primary formsintheflue gas are elemental mercury
and mercuric chloride.

Control technologiesfor removing mercury from flue gasindude scrubbing solutions and activated
carbon sorbents. Mercuric chlorideis solublein water; dementd mercury isnot. Dry sorbents have the
potential to remove both elemental and oxidized forms of mercury. Activated carbons have been
successfully applied for the control of mercury emissions from incinerators.

Severd sorbents, such as activated carbons, can remove mercury from flue gas produced by the
combustion of cod. However, there are problems associated with the use of activated carbonsfor mercury
removd fromfluegas. Activated carbons are generd adsorbents, most of the components of flue gas will
adsorb on carbon, with somein competition with mercury. Carbon sorbents operate effectively over a
limited temperature range, typicaly working best a temperatureswdl below 300EF. The projected annual
cogtsfor an activated carbon cleanup process are high, not only because of the high cost of the sorbent,
but dso because of itspoor utilization/sdectivity for mercury. Carbon-to-mercury weight ratios of 3,000:1
t0 100,000:1 have been projected.*> In addition, activated carbons can only be regenerated afew times
before exhibiting an unacceptably low activity for mercury removal. Therefore, the devel opment of

improved activated carbons, aswell as novel sorbents, merits further research.



A sorbent can cgpture mercury viaama gametion, physica adsorption, chemica adsorption, and/or
chemica reaction. Thenoblemeta sorbents®™ can capture mercury viaamalgamation. Unpromoted
activated carbons and aluminosilicates® physisorb elemental mercury. Both amalgamation and
physsorption arelow temperature processes, typically occurring below 300EF. Chemically promoted
(with sulfur, iodine, or chlorine) activated carbons'®? , selenium®? | and manganese dioxide or
hopcdite** are examples of sorbentswhich chemisorb or chemically react with mercury. Chemisorption
and chemical reaction can occur over awider range of temperatures than physical adsorption and
amagamation. The enthdpy and activation energies of chemisorption/chemicad reection aretypicdly larger
than those for physical adsorption.

Inthiswork, whichis sponsored by the Advanced Research and Environmenta Technology Power
Subprogram of the U.S. Department of Energy’ s Foss| Energy Program, various sorbents were examined
for theremova of dementa mercury fromargon. It wasredized that e emental mercury in flue gas would
be more difficult to remove than oxidized mercury, and thusthe thrust wasto initidly identify sorbents that
could removethelessreactive dementd mercury. Very few techniques can be used to make an on-line
and continuous determination of e emental mercury down to ppb levels, and the exact mechanism by which
most sorbentsremove mercury isunresolved. The atomic fluorescence spectrophotometer can be used
to measure the concentration of elemental mercury in argon on a continuous basis® and was used in
determining the breskthrough curves of sorbentsin apacked bed. When more complex carrier gases were
used, capacity was determined off-linevial CP-AES or CVAAS. Thecapacities of several commercialy
avallableactivated carbons, as well as metal oxides, a halide salt, metal sulfides, silicates, chlorinated

sorbents, anoble metal, and fly ashes were determined.
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Experimental Procedures

The assembly used for measuring sorbent capacities conssts of an dementa mercury permeation
tube, apacked-bed reactor, an on-line atomic fluorescence spectrophotometer, and a data acquisition
sysem. The reactor schemeisshownin Figure 1. A certified Dynacal permeation tube from VICI
Metronicsisused asthe source of elemental mercury. The permeation tube has been certified by the
manufacturer tordlease 144 ng Hg/min at 212E F. The permeation tube is located at the bottom of a
Dynaca glass U-tube, whichismaintained &t 212EF + 1.6EF a dl times by immersing it in aHacke L oil
bath. A flow (30-ml/min) of ultra-high purity carrier grade (99.999%) argon gas passes over the
permeetion tube and ismaintained a dl timeswith atherma conductivity massflow controller. The output
of the permestion tube and the flow rate of argon yiedsacdculated concentration of mercury in argon of
585 ppb. The mercury output of the tube has been verified on amonthly basisviawe ght |oss measurement
and has been found to be cons stent (155 ng Hg/min) with the certified release.  After ayear in service,
the output of the permestion tube dropped to 139 ng Hg/min and was replaced with asecond certified tube
rated for 119 ng Hg/min. The output of thistube has aso been verified by weight |oss measurement and
has been found to be cons stent (107 ng/min) with the certified release. Sorbent capacities have all been
normalized to reflect the output of the original permeation tube.

Thereactor (adsorber) isaquartz tube (20 inchesin length with anouter diameter of 1/4 inch and
inner diameter of 1/6inch) heldinaverticd podtion. All of the plumbing and valves which come into
contact with mercury are constructed from either stainless steel or Teflon. These materials have been

demondrated to have good chemical resistance and inertness towards mercury. The packed bed of
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sorbent is surrounded by alarge clam-shell furnace. A Self-tune Plus 300 PID controller isused to
maintain the bed at the desired temperature. Thetemperature at the top of the bed has been determined
to be within 1.8EF of the temperature at the bottom of the bed.

The detector for dementa mercury isaBrooks Rand CVAFS-2 cold vapor atomic fluorescence
spectrophotometer (AFS). When used as acontinuous on-line monitor for elemental mercury in argon,
thedetection limit isbelow 0.1 ppb. The AFSisaultraviolet (UV) detector for elemental mercury;
mercury aomsabsorb 253.7 nm light, and re-emit (fluoresce) thiswavelength. A mercury bulb serves as
the UV source, and aphotomultiplier tube servesasthe UV fluorescence detector. Any gas can be used
asacarier, dthough senstivity variesdramaticaly with inertness, dueto quenching of the excited Hg aoms
by collisonswith polyatomic species. Maximum sengtivity (ppt) is achieved with high purity argon or
hdium carrier gases. When the AFSwas used asan onHline detector for elemental mercury, argon was
used asthecarrier gas. For themore complex carrier gases, sorbent capacity was determined off-line by
andyzing the spent sorbent with ICP-AES or CVAAS. The ICP-AES is a Perkin-Elmer Optima 3000
Radid View Spectrometer. The CVAASisaCetac M-6000A unit dedicated for the analysis of elemental
mercury.

Key process parameters were recorded with a data acquisition system . This on-line data
acquisition system was used to take and store the various voltage signals from the thermocoupl es,

flowmeters, and the atomic fluorescence spectrophotometer. Data logging occurred every 15 seconds.

Typicdly, ten milligram (mg) of 200/325 mesh (45-75 micron) sorbent is placed in the center of

thetube and is supported by about 50 mg of quartz wool. The quartz wool and reactor tube have been
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demondtrated to beinert toward dementa mercury. Separate argon gas streamsflow through the bed and
through the permeetion tube holder. The latter flow is sent to the AFS to determine a baseline for the
mercury concentration. Oncetherma stability is reached in the reactor, the mercury/argon mixtureis
diverted to flow through the reactor. Breakthrough curves were generated by plotting the atomic
fluorescence spectrophotometer voltage signal at the reactor exit versustime. Sorbent capacities were

determined by integration under the breakthrough curve.

Sor bent Preparation

The sorbentsexamined in thisstudy and their characterization arelisted in Table 1. The sorbents
I-AC, SAC, AC-1, and AC-2 aecommercidly avalable activated carbons. 1-AC is an iodine promoted
activated carbon, containing both elemental iodine and potassium iodide. S-AC isa sulfur promoted
activated carbon. AC-1 and AC-2 are unpromoted carbons from Calgon and CarboChem respectively.
Sometypica mercury control applicationsfor AC-1 include municipa waste combusgtors, hazardous waste
combustors, and hospital wasteincinerators? AC-2isafood grade activated carbon used commercialy
for decolorizing corn syrup.

CI-AC-1isachlorine promoted activated carbon, prepared by boiling AC-1 in 37% hydrochloric
acid. Cl-BPL-AC isdsoachlorinetreated activated carbon prepared by MacDonal d.?’ It was formul ated
by treating the commercidly available activated carbon BPL-AC from Calgon with chlorinegas. The
chlorine treatment took placein aseded dainlesssted reaction vessel maintained at a pressure of about

onehdf an amosphere of chlorine gas, a 330EF for 30 minutes. HNO,-AC-1 is prepared by boiling AC-



1in 70% nitric acid. S-BPL-AC isasulfur promoted activated carbon prepared by Vidic.”

Five novd sorbentswere prepared for investigation with chemical s that were typically analytical
reagent grade or ACS grade. The vanadium pentoxide dispersed on celkate, a magnesium silicate
(MgSO,) support, wasinitialy prepared by thermaly decomposing amixture of ammonium vanadate with
the support to obtain 8 weight percent vanadia. In a later preparation, the supported sorbent
V.,O,/MgSO; was prepared by the incipient wetness technique according to the procedure outlined
dsawhere®using vanadium oxaate solution and the celkate (asynthetic magnesium silicate with surface
area180 + 25 m?g from Manville Products Corp.) support material. Water was added to ammonium
meta-vanadate, NH, VO, (JT. BakerInc.), and oxdic acid, (Mdlincrodt). Reaction occurred immediately
and the resultant solution was used to impregnate the cel kate support followed by drying at 572°F for 2
hoursand cdcining a 932°F in anoven with air flow. Incipient wetness occurred at about 0.9 ml/g of
celkate. Also, apotassum superoxide promoted vanadium pentoxide (KO,-V,0s) celkate-supported
sorbent, whose preparation was similar to the preceding sorbent, was fabricated as well.

The supported sorbent MoO,/MgSiO; was prepared by the incipient wetness technique by
dissolvingammonium molybdate, (NH xMo, O,,i4H, O (Fisher Scientific Company), with ammonium
hydroxidein digtilled water and then contacting the celkate. The solution pH was 8. Impregnation was
followed by drying at 248°F for 24 hours and then calcining at 932°F for 6 hours.”

Thead uminasupported MnO, sorbent was prepared by the inci pient wetness technique using an
agueous solution of manganese nitrate, MN(NO,),i4H,0 (Sigma Chemical Corp.), with aumina, Al,O,
(Catdox SCFA 90 with surfacearea 82 + 25 m?g from Condea Vista). Incipient wetness occurred at

about 0.6 ml/g of dumina. Impregnation wasfollowed by thetherma decomposition of manganese nitrate



inar a 261°F asoutlined dsewhere® Prdiminary X-ray diffraction datadid not show a MnO, diffraction
pattern, indicating that the MnO, phase waswell dispersed over the duminaand thet the crysdlite size was
below 5nm.

The chromium oxide sorbent Cr,O4/Al,O; that was obtained from Cadus was prepared by
impregnation of alumina by chromic acid at room temperature for 30 minutes® Immediately after
impregnation, the sorbent was dried overnight to 122EF in a vacuum oven and then calcined at 1202EF
inair for 7 hours.

MACH | Inc. supplied theferric oxide sorbent Fe,O,. It was the Nanocat super fineiron oxide,
which isadark brown amorphous powder. The particlesizeis 3 nm.

The platinum sorbent Pt/wool was prepared by deposition of Engelhard metallo organic platinum
ink upon quartz wool. Theink wasfiredin air at red heat to form a platinum film.

Pacific Northwest Nationd Laboratory provided anovel sdf-assembled monolayer thiol promoted
aluminoglicate sorbent (TS-7). The sorbent has been successtully gpplied to purify mercury contaminated
water streams. This sorbent has ahigh BET surface areaand is 3.5% sulfur by weight.

A chlorine treated celkate sorbent (Cl-celkate) was prepared by boiling celkate in 37%
hydrochloricacid. Thedurry isbailedinair until itisthoroughly dry. Thebailing hydrochloric acid turns
green, indicating the evolution of chlorine.

Themolybdenum sulfide sorbent (M 0S,) isahydrodesulfurization catalyst prepared in-house at
the Nationd Energy Technology Laboratory (NETL). Bulk andyssby ICP-AESindicates a composition
of 87% by weight molybdenum sulfide. Surface analysis of the fresh sorbent by x-ray photoel ectron

spectroscopy (XPS) also indicates afairly pure sample of MoS..
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Theiron sulfidesFeSand FeS, (marcasite) were prepared in-house at NETL. FeS contains 57.8
% iron and 22.6% sulfur by weight. Thissuggestsiron enrichment asin a non-stoichiometric compound
or multi-phase mixture. The FeS, sorbent contains 81.3% FeS, by weight.

CERF-FA-#2 and CERF-FA-#4 are fly ashes obtained from a 35-Ib/hr pulverized cod
combugtion unit located at NETL. Thefly ash sampleswere derived from the combustion of Pittsburgh
#8 cod and were extracted from the furnace at high temperatures, having short residence times for
combugtion of thecod. Theresulting fly ash samplesare atypical and extraordinarily high in unburned
carbon.

Sorbentswere prepared from fly ashin an effort to utilize unburned carbon from the fly ash. The
starting materid, FA-1, isfly ash obtained from the combustion of Blacksville coa in the 500-1b/hr pilot
scale cod combugtion unit located at NETL. FA-1 contains 5% carbon and has a BET surface area of
5 m?%gram. WCFA-1 is a unburned carbon separated from fly ash obtained from the 500-Ib/hr
combustion unit. The carbon is concentrated from the fly ash through awet separation technique. WCFA -
1 contains 64% carbon and has a BET surface area of 32 m?%gram.

CI-WCFA-1isachlorinetrested carbon derived fromfly ash. Itisprepared by soaking WCFA-1
inaguaregiafor 24 hoursand dryinginarr. Also, WCFA-1-air-750F is prepared by heating the carbon
WCFA-linair a 750EF for two hours. Thisis done to increase the BET surface area of the carbon.®
Thethermd oxidationin ar increases the microporosty of carbon dueto the chemical reaction. WCFA-1
hasaBET surface area of 32 m%gram, whereas WCFA -1-air-750F has a higher surface area of 127
m?/gram. The oxidation in air decreases the carbon content from the original 64% down to 50%.

DCFA-lisafly ashthat ishigh in carbon content dueto poor combugtion & acommercial utility;



DCFA-2 and DCFA-3 are unburned carbon fractions separated from the DCFA-1 fly ash. Thetwo
carbon samples are obtained from the fly ash by adry separation method (tribod ectrogtatic) where the first
sampleisaone-pass separation, and the second isatwo-pass separation. The elements present in these
sorbentswere determined vial CP-AES and are silicon, aluminum, iron, titanium, potassium, calcium,
magnesum, phosphorus, and sodium. Sulfur, chlorine, and severd other elements were not determined
by the | CP-AES, suggedting that the mass balances obtained (near 90%) are reasonable. Silicon and
aluminum accounted for 70 to 80 weight percent of these sorbents (excluding the carbon). These carbons
were subsequently treated with chlorine by soaking in hydrochloric acid to form CI-DCFA-1, CI-DCFA-2,
and C|-DCFA-3.

Additiondly, asupported hdide sdt wasprepared. A 10% CaCl./Al,O; sorbent was fabricated
by theincipient wetness technique using an aqueous sol ution of CaCl,i2H,O (Mallincrodt) with Al,O,
(Catalox SCFA 90 from Condea Vista). Incipient wetness occurred at about 0.6 ml/g of alumina.
Impregnation was followed by heating at 392°F overnight to remove the moisture.

Variousandyticd techniqueswere used to characterize the fresh and spent sorbents. A review
of literature pertinent to surface analyses and of reports pertaining to Hg detection was conducted to
determinethe best avallable andyticd techniques. Thesemethods included BET surface areas and pore
size distributions determined with a Coulter Omnisorp 100 CX apparatus; an x-ray photoel ectron
spectrometer (XPS) for Hg speciation and surface concentration; bulk chemical analyses; and x-ray

diffraction (XRD) for supported oxide sorbent phase identifications.

Results and Discussion
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A rigorous evduation of the experimentd setup wasinitidly conducted in an attempt to identify,
quantify, and diminate, if possble, experimenta artifactsthat could exist inthe sysem. Quantitiesthat were
used to characterize the behavior of the sorbent toward dementd mercury removal were the capacity and
breskpoint. Capacity was defined asthe amount of dementa mercury removed by the sorbent after 350
minuteson stream. When the continuous on-line AFS monitor for eemental mercury was used, breskpoint
was defined as the time when the outl et concentration of mercury emerging from the reactor bed equaled
10% of the inlet mercury concentration.

Thereproducibility of the experimentdly determined 350 minute capacity and the 10% breakpoint
was determined for the baseline sorbent, iodine-promoted activated carbon. Ten milligrams of 200/325
mesh iodine-promoted activated carbon was exposed to 585 ppb of dementd mercury ina30 cc/min flow
of argon a 350°F in order to generate the breakthrough curves. This sorbent was used in this exercise
sinceit represented the most reactive sorbent to date. The experiment was replicated with good results.
The cgpacity determined viathe on-line AFSin argon wasreproducible to within + 0.2 mg/gram and the
breakpoint time to within = 25%.

The capacity determined with the on-line AFS was compared with the results obtained from
anayzing the spent sample with cold vapor atomic absorption spectrophotometry (CVAAS) and the
inductively coupled argon plasmaaomic emisson spectrophotometer (ICP-AES). TheorHine AFSisthe
most reliable technique for determining sorbent capacity. Unfortunately, thistechniqueisprimarily limited
to argon (or other noble gas) or nitrogen carrier gas streams.® The AFS also has a detection limit for

mercury which is an order of magnitude less than the detection limit for the atomic absorption
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spectrophotometer (AAS).

CVAAS:isthe next mod reliable method for cgpacity determination and isthe preferred analytical
technique for the quantitative determination of tracelevelsof mercury in solids because of the elimination
of the background matrix. Great careistakento trandfer the mercury into anoble carrier gas, providing
good reproducibility. In CVAAS, thesolid isdissolved into solution. Mercury is reduced from solution
withtin chloride, aerated onto agold trgp, thermally desorbed from the gold trap, and swept into an argon
streamto aultraviolet (AAS) detector. Chemicd (tin chloride reduction) and physca (amadgamétion) steps
aretaken to ssparaethe mercury. The detection limit of CVAASis 10 ng/g.* Thetypical precision for
measurement of mercury concentrationsin solidsis5-10% relative standard deviation.®* A comparison
of capacity determinationsviathe on-line AFSand CVAAS shown in Tables 2 and 3 for [-AC in argon
at 350EF, MoS, in argon at 280EF, CERF-FA #2 in argon at 280EF, and CERF-FA #4 in argon at
280EF, shows afair agreement.

ThelCP-AESistheleadt religble of the threetechniques for trace level mercury determinations.
It can be seen from Table 2 that the ICP-AES yields capacities which are high by afactor of two. The
| CP-AESisthe most versatile tool for multidement andlysis, but it is not the preferred method for trace
level mercury measurementsin solids. No steps aretaken to separate the mercury from the other elements
present inthe solid sample. Other eements could interferein the detection of mercury. For example, the
cobdt emissonlinea 253.649 nm could interfere in the determination of mercury by the 253.652 nm
emissionline® The concentration of theinterfering eement (in this case cobalt), monochromator dit width,
and rdative intengty of the shared emission line arefactorsin determining the extent of spectra interference.

Experimentswith the Perkin-Elmer Optima 3000 Radid View | CP-AES confirmed that cobdt will interfere
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inthetraceleve determination of mercury in solids. Additiondly, because of their emission lines closeto
253.7 nm, iron and manganese® will also interfere in the determination of mercury by ICP-AES.

Theeffect of intraparticle masstransfer resstance due to the diffusion of mercury within the pores
was determined by carrying out the same experiment but with various S ze fractions of the baseline iodine-
promoted activated carbon. For asub 400 mesh sizefraction of the same carbon, the 350 minute capacity
was4.9 mg Hg/gram, and the breskpoint was 405 minutes. Thisisin good agreement with the datafor
thelarger 9zefraction (seel-ACin Table 2), suggesting that mass transfer resistance due to the diffusion
of mercury into the sorbent at the Szesused inthetesting isnegligible. Cdculations further indicated that
bulk masstrandfer effects, heet trandfer effects, channeling, and pressure drop would not be significant in
the experimentation.

Most of the experiments used a gas feed of 585 ppb elemental mercury in argon. Thisis
dramaticdly different than the composition of atypical flue gas from a coal-fired utility. Most of the
componentsin atypical flue gas (e.g. acid gases, etc.) can adsorb on an activated carbon and could
possibly hinder or help the adsorption of mercury on carbon. Aspointed out above, the ultra-high purity
argon carrier gaswas selected to maximize the sengtivity of the AFSfor dementd mercury. However, the
capacity of the sorbentsin argon can be quite different from the cgpacity influe gas. Also, thetemperatures
at which sorbent capecitiesweretypicdly determined are 140EF, 280EF, and 350EF. These temperatures
were chosen because of thelr potentid relevancetocoal-fired utilities. If a sorbent were contacted with
thefluegasby injection into the duct work of a coal-fired utility after the air preheater but before the
paticulate collection device, it would experience temperatures in the range of 350EF to 280EF. If a

sorbent was placed downstream of awet scrubber, it would encounter atemperature near 140EF.
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The 350 minute capacities and the 10% breskpoint timesfor the sorbentsareliged in Table 2. The
basdine sorbent -- the iodine-promoted activated carbon -- exhibited both the largest most reliably
determined (on-line AFS) cgpacity andlongest breakpoint time. A typical breakthrough curve for the

iodine-promoted activated carbon is shown in Figure 2.

Activated Carbons

With the activated carbons, the effect of the chemical promoter on the capacity for elemental
mercury was determined by comparing the capecities of the commercially available unpromoted carbon
with the capacities of the sulfur, iodine, chlorine, and nitric acid-treated carbons at the same temperature.
The sulfur and iodine promoted carbons are available commercialy. The carbons, when chemically
promoted, exhibited a far greater capacity for elemental mercury. An unpromoted carbon primarily
captureselementd mercury viaphysicd adsorption. Chemically promoted carbons capture elemental
mercury by both phys ca adsorption andchemisorption/chemica reaction, where mercuric sulfide, mercuric
iodide, etc. formation enables the promoted carbons to remove more elemental mercury.

V arious andyses were performed on the spent basdine iodated carbon sorbent to ducidatethe role
of the promoter. A 3-day run in the packed bed was performed on 35 mg of iodated activated carbon so
that gross differences, if any, between the fresh sorbent and spent sorbent could be differentiated by the
BET surfaceandysis. Resultsindicate areduction in surface areafrom 780 to 300 m7g. Additionally, after
determining that the vacuum treatment woul d not impact the mercury concentration, XPS studies with the

spent iodated activated carbon showed that the Hg soecies on the surface was oxidized and in the form of
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Hal,; no dementd Hg was detected. Potassum iodidewasadso detected. The total iodide concentration
was 0.4% atomic and the Hg surface concentration was 0.13% atomic. Also, the capacity of the spent
iodine promoted carbon was confirmed by atomic absorption andyss. Theused sorbent was digested in
acid, and the concentration of mercury in the solution was measured by an atomic absorption
spectrophotometer. The capacity (gaseous determination) of the iodine promoted carbon found by
integration under the breskthrough curve (4.8 mg/g) wasin reasonably good agreement with the capacity
(solid determination) established by atomic absorption (3.1 mg/g).

The effect of flue gastemperature was studied by examining the breakthrough curvesfor the sulfur
promoted carbon SACa 280°F and 350°F. The capacity of this carbon at 28C0°F was 3.5 mg Hg/gram
veraus04 mg Hg/gram a 350°F. Asmany studies have demonstrated, activated carbons perform much
better a lower temperatures. The temperatures & which activated carbons have been reported to possess
good capacities for mercury range from 70EF to 500EF.-%!216192333746 Thjs suggests that physical
adsorption may bethefirs stepintheremova of mercury for both unpromoted and promoted carbons.
Physca adsorption, and ogousto condensation, isalow temperature process. For achemically promoted
carbon, such assulfur impregnated carbon, chemisorption/reaction between the physically adsorbed
mercury and sulfur promoter to form mercuric sulfide could be the second step in the mechanism of
mercury removal.

Thehydrochloric acid treated activated carbon CI-AC-1 exhibited alarge capacity of 4.0 mg
Hg/gram when tested in argon at 280EF, making it one of the most active sorbents studied to date.
Additiondly, the chlorine gas-treated activated carbon, Cl-BPL-AC, exhibited a modest capacity for

elementd mercury remova. One previous sudy suggeststhat hydrochloric acid treetment yields activated
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carbonswhich have chemisorbed chlorine® Quimby demonstrated that HCI treated activated carbon will
adsorb mercuric chloridefrom air a 300EF. Mercury isknown to primarily form the tetrachloromercury
complex HgCl,? onthe surface of activated carbons used for the removal of mercuric chloride from waste
water; little mercuric chloride was found on the surface of these carbons® Other prior studies have shown
that HCl trestment of Slicaincreasesits cgpacity for mercury. 1t can be speculated that el emental mercury
reacts with chemisorbed chlorine to form the tetrachloromercury complex on the surface of the carbon.

A nitric acid treeted activated carbon HNO;-AC-1 was examined as a sorbent for the removal of
elementd mercury from argon a 280EF. Theuntreated carbon AC-1lisarelatively inactive sorbent. The
treated carbon exhibited asmall capacity of 1.2 mg Hg/gram versus 0.4 mg Hg/gram for the untreated
carbon. Previous studies suggest that nitric acid trestment of carbon oxidizesthe surface®*, and increases
its capacity for theremova of mercury from nitrogen at 86EF by a factor of twenty.®® Only a modest
increasein cgpacity was observed inour lab a 280EF. 1t can be speculated that oxygen surface complexes
such as carboxyl groupswhich areformed by nitric acid treetment of carbon are destroyed at the higher
temperatures.

Theunpromoted carbons AC-1 and AC-2 werefound to possess relatively small capacities for
elementd mercury, whether from argon or 4% oxygenin nitrogen. Oxygen will adsorb on carbon. This
could either help (by promoting the carbon surface by oxidation) or hinder (by competitive adsorption) the
removd of dementd mercury by an unpromoted carbon. Thelatter effect was probably observed in the
packed bed experiments. Also, oxygen may dramatically reduce the capacity of the sulfur promoted
carbon as capacity dropped from 3.5 mg/ginargonfor SACto 0.5 mg/g in air at 280EF for S-BPL-AC.

S-AC and S-BPL-AC both exhibit high capaditiesfor demental mercury from inert carrier gases” This
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suggests that oxygen competitively adsorbs on sulfur, reducing capacity.

Theresults obtained from the packed bed unit require judiciousinterpretation when attempting to
extrapolate their rdlevance to activated carbon sorbent duct injection as a mercury control technique for
industrid Szecombustors. AC-1 wasdso sudied inthe FETC 500-Ib coal/hr pilot-scale combustor unit
fortheremova of mercury from thefluegas® When introduced at alarge sorbent to mercury ratio of
around 5,000to 1, AC-1 used in the 500-Il/hr unit achieved ahigh level of mercury removal. However,
the used AC-1 recovered from the baghouse had mercury leves of less than 300 ppm (0.3 mg Hg/gram),
but ahighleve of mercury removal is achieved. Unpromoted activated carbons sequester elemental
mercury viaphysica adsorption, and therefore exhibit small cgpacities. Duct injection at large sorbent to
mercury ratiosof 5,000/1 to 100,000/1 allows them to, nevertheless, achieve high levels of removal of

mercury from flue gas.

Metal Oxides

Metd oxides are proposed asnovd dterndivesto activated carbon sorbents. It is noted that there
aremany binary oxides of mercury, such as mercury vanadates, mercury molybdates, and mercury
manganates®* V anadium pentoxide, molybdenum trioxide, and manganese dioxide are all partial
oxidation oxide catalysts for the oxidation of various hydrocarbons.®* In the oxidation of various
hydrocarbons, lattice oxygen serves asthe oxidant in a Mars-Maessen mechanism. This suggests that
lattice oxygen of partial oxidation oxides could also serve as the oxidant of mercury. The reaction

mechanism for the capture of mercury by oxide catalysts can be written as:
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Hg + surface 6 Hg 1

HY + MO, 6 HJOy + M,O, ; 2
HJOy + MO, + /20,y 6 HgOy + M,O, 3
HgO ) + M, O, 6 HgM,O,, 4

Theoverdl reactionin the presence of gas phase oxygen is the sum of reaction steps one through four:

Hgg + 1/2 Oy9 + MO, 6 HgM,O,,; (5)

where: M, O, is the sorbent metal oxide

HgM,O,., isthe binary oxide

Step (1) isthe callison of dementd mercury with the surface of the sorbent, resulting in adsorption.
Step (2) isthereaction of adsorbed mercury with the metd oxide, forming adsorbed mercuric oxide and
reducing the surface of the sorbent. Step (3) isthe reoxidation of the sorbent by gas phase oxygen. Step
(4) isthe reaction of adsorbed mercuric oxide with the sorbent to form the binary oxide.

Note that mercury can be captured in the absence of gas phase oxygen by reactions (1) and (2),

asdemondrated by the modest capacity for dementd mercury displayed by manganese oxide in argon,
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showninTable2. Therearemany potential rate limiting factors which can impact oxide capacity for
mercury, induding surface areg, activity of sorbent as oxidation catayst, Sability of lower oxides, oxygen
partid pressure, and tendency to formthe binary oxide  Mercury is a semi-noble metal with a standard
reduction potentid smilar to pdladium. Mercury may not be easly oxidized by the metal oxide sorbent.
Anoxide stendency to form sulfatesisacritica factor for sorbent performance in flue gas because sulfur
dioxideis present at concentrations orders of magnitude greater than mercury.

Alumina (Al,O;) or celkate (MgSIO,), which were used as supports for some of the novel
sorbents, were examined as sorbentsfor the remova of eementa mercury from argon. Both exhibit small
capacities, demondrating ther inertnesstowardselemental mercury. Therole of the alumina or celkate
supportisto provide ahigh surface area substrate for maximizing the number of collisons between mercury
and the sorbent.

Supported vanadium pentoxide and supported molybdenum trioxide exhibited low capacities for
theremovd of dementa mercury from argon a 350°F. Preparation of the V O, supported sorbent either
viathethermd decomposition of ammonium vanadate or viaincipient wetnessdid not impact the sorbent
capadity. Manganese dioxide supported on alumina was examined as a sorbent for the removal of
eementa mercury from argon a 350 °F, 280EF, and 140EF. Manganese dioxide has been reported to
removedementa mercury from both air and argon at room temperature®* MnO, exhibited modest 350
minute capacities of 2.2 at the higher temperature and 2.4-mg Hg/gram, at both 140 and 280EF.

In the Mars-Maessen mechaniam, gas phase oxygen can serve to reoxidize the reduced oxide.
Oxygen was absent from the gas phasein these experiments. Manganese dioxide is the most powerful

oxidation catalyst™ of the oxide oxidation catalysts examined and exhibited the largest capacity for mercury.
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A Mas-Maessen redox mechanism for the removal of mercury has been proposed above for partial
oxidation oxide sorbents. The cgpacity of the manganese dioxide sorbent was observed to be larger in air
than in argon at 280EF (see Table 3).

Nanoscaleiron oxide was examined asa sorbent for mercury remova from argon at 280EF. Each
particle contains about 600 iron atoms and 900 oxygen atoms. A surfacewill dways be morereactive than
the bulk lattice because of the dangling bonds and availability for collision with areactant species. A
nanoscale particle hasasignificant proportion of its atoms exposed on the surface whereas alarger particle
has mogt of itsatoms contained within the crystalline lattice. The chemical and physical properties of
nanoscde particles will, therefore, often differ dramatically from those exhibited by larger particles.
Neverthdess, theferric oxide displayed apoor capacity, despite the unusually small (3 nm) particle size
and high surface area.

A potassum superoxide promoted vanadium pentoxide sorbent exhibited aminiscule capacity for
elementd mercury fromair at both 280 and 350EF, asseenin Table 3. The potassium superoxide (KO,)
isapowerful oxidizing agent, and wasexpected to oxidize elemental mercury to mercuric oxide. The
mercuric oxide could then chemisorb/react with vanadium pentoxide to form mercury vanadate (HgV ,05).

Chromium oxide was found to exhibit modest capacitiesfor ementd mercury. Cr,O;isafairly
strong oxidation catalyst, with a catalytic activity for the deep oxidation of methane comparable to
manganesedioxide® A crude correlation wasfound between cataytic activity for degp oxidation exhibited
by the oxide and sorbent cgpacity for dementa mercury removal. Sorbents that are active catalysts for
thedeep oxidation of methane Cr,O,/ALQ and MnQ /Al @ exhibit large capacities, whereastheinactive
oxide catalysts Fe,0;, MoO,/AlLO;, and V,0,-MgSiO,-1 show small capacities.

20



Promotion of metal oxide supportswas also investigated. The chlorine promoted magnesium
silicate Cl-Celkate exhibited asmd| capacity for theremovd of elemental mercury from argon at 280EF.
Braman demongirated that HCI trested Chromosorb-W, adiatomite chromatographic packing, will adsorb
mercuric chloridevaporsat 70EF.” Additiondly, the nove thiol promoted aluminosilicate sorbent (TS-7)
exhibited very smdl cgpacitiesfor dementd mercury inboth argonandinair. Thiolsarethesulfur analogs
of dcohols Thiolsaredso cdled mercaptans, from the Latin, mer curium captans, meaning “ capturing
mercury”.* Mercaptansreact with mercuricionsand theions of other heavy metals to form preci pitates.
The sorbent was devel oped for theremoval of oxidized mercury from contaminated water. Elemental
mercury isinsolublein water. Oxidized formsof mercury areknownto react efficiently with thiols. The
low decomposition temperatures of thiols, aswell asthelack of reectivity with demental mercury, suggest

that thiols are not practical promoters for the removal of elemental mercury from flue gas.

Metal Sulfides

Molybdenum sulfide (MoS,) displayed alarge capacity for theremovad of dementa mercury from
argonand ar. Thissorbent wasorigindly developed asahydrodesulfurization catalyst for the conversion
of thiopene and mercaptansto hydrogen sulfide and dkanes. A possible mechanism of mercury capture
ischemisorption/chemica reaction to form mercuric sulfide. XPSandysisof the used sorbent runin argon
at 280EF confirmsthe presence of mercury onthe surface. Elemental mercury was not detected on the
surfaceof the used M oS, sorbent. Thisrulesout physica adsorption of demental mercury as the primary

meansof sequestration. The x-ray excited photod ectron pectra suggeststhe presence of mercuric sulfide
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onthe surface of the sorbent. The sorbent exhibits a much lower capacity at 350EF in air versusthe
capaditiesinar a 140EF and 280EF. Thissuggeststhat physical adsorption of elemental mercury isthe
first sep in the sequestration mechanism, and/or the physica-chemical degradation of the sorbent at the
higher temperature. Molybdenum disulfideisknown to decomposein ar a devated temperatures.® The
sorbent removed nearly all of the mercury entering the packed bed at 140EF in argon.

L essexpengve aulfides, such asiron sulfides, were dso examined assorbents.  Theiron sulfides
FeSand FeS, exhibited poor capacity for dementd mercury from argon at 280EF. The FeS, lost sulfur
during the sorption of dementa mercury from argon at 280EF, as evidenced by aydlow filmwhich formed

at the bottom of the packed bed reactor.

Unburned Carbons From Fly Ash

Theaypicd high carbon flyashes CERF-FA-#2 and CERF-FA-#4 exhibited modest capacities
for theremovad of dementd mercury fromargon a 280EF. These capacities are, however, significantly
higher than those exhibited by the unpromoted carbon and the alumina and celkate supports. Further
characterization of these flyash sorbentsis needed to determine the mechanism of mercury capture. These
carbonswere extracted from the combustor at high temperatures of around 2300EF. It is speculated that
novel forms of carbon present in these samples could positively impact capacity.

Theflyash obtained from the combustion of Blacksville cod, FA-1, exhibited aminiscule capacity
for dementd mercury at 280EF. The carbon separated from this flyash, WCFA-1, exhibited a small

capecity for theremova of dementa mercury from argon a 280EF. Neverthd ess, WCFA-1 does exhibit
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alarger capacity than the parent flyash, FA-1. The capacity of WCFA-1 was smaller at 350EF, as
expected. The unpromoted activated carbons show smilarly low capecities. The chlorine promoted carbon
extracted from flyash, CI-CFA-1, exhibited amuch larger cgpacity for elemental mercury, much like the
chlorine promoted activated carbons. Capacity was lower at the higher temperature, as expected.
DCFA-2 and DCFA-3 are carbons separated from the parent fly ash, DCFA-1, by a dry
separaion method and exhibit smal capacitiesfor demental mercury. Capacity increases with increasing
carbon content. The chlorine treated materials ClI-DCFA-1, CI-DCFA-2, and Cl-DCFA-3 showed
significantly larger, but still small capacities. Capacity again increases with increasing carbon content.
Hdide sdtsare d 0 proposed as an dternative to carbon sorbents. Thereare many binary halides
of mercury such as calcium chloromercurate and potassium iodomercurate.® These are double salts of
cacium chloride and mercuric chloride, and potassum iodide and mercuriciodide, respectively. Potassium
iodideisused asachemica promoter in some of the commercially available activated carbons 3%, such
asthe basdine sorbent in thisstudy. However, thethermd gability of the binary haides of mercury ispoor,
asevidenced by their low decomposition temperatures® Mercuric chloride was abosent from the gas phase
inthese experiments. The aasence of mercuric chloride could explainthe small capacity exhibited by the
cacium chloride sorbent. Mercuric chloride can be present inthe flue gas obtained from the combustion

of coal, municipal waste, and medical waste.*

Noble Metals

The platinum sorbent Pt/wool exhibited alarge capacity for el emental mercury from argon at
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280EF. Breskthrough wasnot observed. After the absorption experiment, the used Pt/wool sorbent was
slowly hested in argon to 770EF over aseventy minute period, withthe effluent sent directly to the AFS.
Over 99.4% of the mercury remained sequestered on the platinum. A minor desorption spike of mercury
was observed a 320EF, likely dueto unburned carbon from the organometallic platinum paint precursor.
The noblemetdsare often used for small-scale sampling of gases for mercury, i.e., mercury is often
collected on gold, thermdly desorbed, and sent toaUV detector for itsandyticad deermination. Thermal
desorption of the mercury is accomplished by heating the noble metal to 1470EF 3, greater than the 770EF

maximum temperature in the desorption experiment.

Conclusions

A packed-bed reactor system was used to screen sorbentsfor the removal of elemental mercury
fromacarier gas. AnonHineaomic fluorescence spectrophotometer was used to measure elemental
mercury in argon on acontinuous basis. For more complex carrier gases, sorbent capacities were
determined off-lineviaCVAASor ICP-AES. Chemicdly promoted activated carbonsexhibit afar greater
capacity for mercury than unpromoted carbons. The activated carbons possess higher capacities at lower
temperatures. Chlorine could be acogt-effective chemica promoter for carbon sorbents for the removal
of mercury.

Metd oxides and sulfides are proposed as apossible dternative to activated carbon sorbents, with
MnO,, Cr,(;, and MoS, exhibiting moderate capacities for mercury removal among the candidates

investigated. Unburned carbon sorbentsfrom fly ash typically showed poor performance towards mercury
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removd, athough promotion of these increasesthe activity for dementad mercury removal. Future work
will concentrate on testing inexpendve chlorine promoted carbons, aswell asmetd oxides and sulfides, in
asmulated flue gas matrix which includes acid gases, oxygen, water, and mercuric chloride. Promising

sorbent candidates will be further evaluated on a pilot-scale system. =
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Tablel. Characterization of Sorbents

Sor bent

I-AC

Cl-AC-1
Cl-BPL-AC
HNO.-AC-1
SBPL-AC
SAC

AC-1

AC-2

Cdkate
Alumina
MoOy/MgSIO;
MnO,/AlQ,
V,0,-MgSO;-1
V,0.-MgSO;-2
KO,V,05
Cr,0//AlLQO,
Fe,O,

TS7
Cl-Celkate
MoS,

FeS

FeS,
CERF-FA-#2
CERF-FA-#4
FA-1
WCFA-1
WCFA-1-air-750F
CI-WCFA-1
DCFA-1
DCFA-2
DCFA-3

HFA
CaCl,/AlLO,
Pt/wool

Composition

35%]I

6.0% Cl

6.7% Cl

59%S

7.6% S

0.9% S

04% S

MgS O,

AlLO,

46% M o0,

7% MnQO,

8% V,0Oq

50% V,05
34%K, 1.4%V
13% Cr,0;, 11% C
100% Fe,0,
35%S

15.0% Cl

87% MoS,
57.8% Fe, 22.6% S
81.3 % FeS,
59.3% C

37%C

5%C

64% C

50% C

29% LOI

52% LOI

82% LOI

23% Ca, 1.1 ppm Hg

10% CaCl,
40% Pt

BET Surface Area m?/g

750
550
1000
575
790
690
650
900
160
82
70
65
91

156
250

32

37

12
16

N

41
20

24

32
127



Table 2. Sorbent Experimental Results: Argon Carrier Gas
Capacity (mg/g)**

Sorbent

I-AC

I-AC

SAC

SAC
SBPL-AC
CI-AC-1
CI-BPL-AC
HNO.,-AC-1
AC-1

AC-2

Celkate
Alumina
MnO,/AlLQ,
MnO,/AlLQ,
MnO,/Al,O4
V,0,-MgSIO;-1
V,0,-MgSIO;-2
MoO,/MgSIO,
Cr,04/Al,O;
Cr,0//AlLQ,
Cr,0//AlLQO,
Fe,O,

TS7
Cl-Celkate
MoS,

MoS,

MoS,

MoS,

FeS

FeS,
CERF-FA-#2
CERF-FA-#2
CERF-FA-#4
CERF-FA-#4
FA-1
WCFA-1
WCFA-1

31
4.8
04
35
19
4.0
26
1.2
0.37
04
05
0.6
22
24
24
04
0.1
0.2
1.2
31
3.3
0.1
0.01
0.8
8.8
39
3.6
45
cap<0.01
0.2
17
14
22
17
0.02
0.1
0.04

icp-aes

icp-aes

Breakpoint (min)

330
4
7

70

0.5

17
194

20

Temperature (EF)
350
350
350
280
280
280
280
280
280
280
350
140

SBs88EsR8E

280
150
280
280
280
280
140
280
280
280
280
280
280
280
280



CI-WCFA-1 25 280

CI-WCFA-1 0.64 350
DCFA-1 0.03 280
DCFA-2 0.12 280
DCFA-3 0.15 280
Sor bent Capacity (mg/g)** Breakpoint (min)  Temperature (EF)
CI-DCFA-1 0.24 280
CI-DCFA-2 0.30 280
CI-DCFA-3 041 280
Pt/wool 50 280
CaCl,/AlLO, 0.6 2 140

** Capacity determined via on-line AFS when a breakpoint time is given; otherwise capacity determined by
CVAAS, except as noted.

Table 3. Sorbent Experimental Results: Air Carrier Gas

Sorbent Capacity (mg/g) AnalysisMethod  Temperature (EF)

KO,V,0; 0.02 CVAAS 280
KO,V,0s 0.04 CVAAS 350
MnO,/AlLLO, 3.50 CVAAS 280
TS7 0.00 ICP-AES 140
SBPL-AC 053 ICP-AES 280
SBPL-AC 0.28 ICP-AES 350
MoS, 5.6 ICP-AES 140
MoS, 5.2 ICP-AES 280
MoS, 11 ICP-AES 350
AC-1* 0.04 CVAAS 280
AC-1* 0.19 AFS 280

*4% O, in N, Carrier Gas
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Figure 2. Breakthrough Curve For I-AC Using the 3

AFS For Mercury Detection.
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